The Rod-Zw10-Zwilch complex localizes to kinetochores during mitosis. New studies reveal that this complex plays a critical role in driving the expansion of the outer domain of unattached kinetochores, in addition to its known role in the control of the spindle assembly checkpoint.
Cell division utilizes a highly conserved machinery that transmits replicated genomic information to daughter cells. This chromosome segregation process is critical for cell proliferation as well as the maintenance of life in all organisms. During mitosis, the final stage of the cell cycle, spindle microtubules bind to a specific region of the chromosome called the kinetochore [1, 2] . The kinetochore is a key macromolecular protein complex, built on centromeric chromatin, that ensures the integrity of chromosome segregation [1, 2] . The kinetochore has at least four critical functions in chromosome segregation: serving as a platform for microtubule assembly; producing and transmitting force for chromosome movements; monitoring microtubule attachment errors; and correcting attachment errors. Historically, the structure of the kinetochore has been well studied using transmission electron microscopy and has a unique three-layer arrangement with an additional outermost domain -the fibrous corona -on mitotic chromosomes; these kinetochore regions are defined by differences in the distribution of electron density in electron micrographs [3, 4] . The mesh-like fibrous corona structure often expands at unattached kinetochores that have not come in contact with microtubules [3] . More recent studies using light microscopy have identified proteins that expand and form a crescent or ring-like structure at unattached kinetochores [5] . Based on the localization of some of these proteins, such as CENP-E (via studies using immuno-electron microscopy [6, 7] ), the crescent structures observed using light microscopy are thought to be equivalent to the fibrous corona determined by electron microscopy. However, which kinetochore proteins create this mesh-like structure and how they do so remained unknown. New studies by Pereira and Reis et al. [8] and Rodriguez-Rodriguez et al. [9] , reported in this issue of Current Biology, have identified that the Rod-Zw10-Zwilch (RZZ) complex, which has well-known roles in spindle assembly checkpoint (SAC) control, also plays a critical role in driving the formation of the crescent structure at unattached kinetochores ( Figure 1 ).
The structure of the mitotic core kinetochore in human cells is built by at least 26 different core kinetochore proteins, all of which are present in multiple copies [1, 2] . The inner kinetochore CCAN (constitutive centromere-associated network) proteins, including CENP-C, the CENP-H/I complex, and the CENP-T/W/S/X complex, assemble at CENP-A-containing centromeric chromatin and serve as a scaffold for the assembly of the outer kinetochore KMN (Knl1, Mis12 complex, and Ndc80 complex) network of proteins [1, 10] . A previous study has shown that Knl1 recruits a key SAC regulator, Bub1, to kinetochores and that Knl1-Bub1 plays an important role in the recruitment of fibrous corona proteins, such as Mad2, CENP-E and CENP-F [11] . The expansion of this outermost domain on unattached kinetochores is thought to have advantages in both promoting lateral microtubule attachment and enhancing the SAC signal [12, 13] . Computational modeling has indicated that physically larger kinetochores can accelerate microtubule search-and-assembly events. Further, the expanded outer domain of kinetochores has additional copies of SAC proteins, so that even a single unattached kinetochore is capable of providing a robust enough SAC signal to arrest mitotic cells before anaphase. Based on light and immuno-electron microscopy studies, corona proteins, which localize to the outermost region of kinetochores, are good candidates for mediating kinetochore expansion.
The new papers from Pereira and Reis et al. [8] and Rodriguez-Rodriguez et al. [9] , as well as another recent study from Sacristan et al. [14] , now report that particular corona proteins -the RZZ complex and Spindly -drive the process of kinetochore expansion. Using light microscopy, these studies demonstrate that the depletion either of the Rod component of the RZZ complex (resulting in the absence of Spindly at kinetochores) or of Spindly itself reduces kinetochore expansion. The amino-terminal b-propeller domain of Rod binds directly to human Spindly and is essential for Spindly recruitment to the kinetochore [15, 16] . A truncation mutant of Rod that lacks the b-propeller (D1-375) induces the loss of both Zwilch and Spindly at kinetochores, severely perturbing kinetochore expansion [16] . Furthermore, Rodriguez-Rodriguez et al. [9] and Sacristan et al. [14] showed using electron microscopy that the depletion of the RZZ complex, but not Spindly, induced the loss of the fibrous corona structure. Overall, the results indicate that the RZZ complex plays a central role in creating a mesh-like fibrous corona structure, as visualized by electron microscopy, and that both the RZZ complex and Spindly are essential for kinetochore expansion at unattached human kinetochores.
Both Rodriguez-Rodriguez et al. [9] and Sacristan et al. [14] showed that the kinase activity of Mps1, a key regulator of SAC function, is required for kinetochore expansion. An Mps1 inhibitor induces substantial reduction of both Spindly levels and kinetochore expansion at unattached kinetochores. Rodriguez-Rodriguez et al. [9] identified potential Mps1-mediated phosphorylation sites within the RZZ complex. A dephospho-mimicking Rod mutant mutated at two residues (T13A and S15A) that had been identified as Mps1 kinase targets in their previous work [17] suppressed the formation of crescent structures without causing Spindly mislocalization, indicating that the post-translational modification of Rod by Mps1 kinase is essential for the kinetochore expansion. On the other hand, Pereira and Reis et al. [8] also identified two conserved acidic residues in Zwilch (E422 and D426) that had been implicated in binding to Spindly, based on a study in the nematode Caenorhabditis elegans. A human Zwilch mutant (E422A/D426A) induced the loss of crescent structures at unattached kinetochores, similar to what was observed in cells lacking Rod, while this mutant was capable of recruiting Spindly to unattached kinetochores. Moreover, Sacristan et al. [14] found that expression of a Spindly mutant lacking the amino-terminal 65 amino acids was capable of driving the formation of crescent structures after Mps1 inhibition. In vitro binding assays showed that a purified Spindly mutant lacking the amino-terminal 53 amino acids bound to the purified RZZ complex with higher affinity. These results indicate that the recruitment of Spindly to unattached kinetochores by the RZZ complex is not sufficient to drive kinetochore expansion. Further studies are required both to define the relationship between Mps1 target sites in Rod (T13/S15), the two residues in Zwilch (E422/D426), and the amino-terminal region of Spindly, and to determine the details of their roles in driving kinetochore expansion.
In human cells, Pereira and Reis et al. [8] showed that overexpression of Rod alone, but not Zwilch alone, promoted kinetochore expansion. Additionally, the overexpression of a Rod mutant lacking the b-propeller region did not support kinetochore expansion, indicating that Spindly and Zwilch are also required for kinetochore expansion in human cells. This finding is inconsistent with results reporting that a purified human RZZ complex alone is not sufficient to drive filament-like structures in vitro but requires the addition of purified human Spindly protein [14] . On the other hand, unlike the findings in human cells, a C. elegans Rod mutant lacking the b-propeller domain was capable of creating non-kinetochoreassociated filament-like structures in cells. As expected, these Rod mutant filaments lacked Spindly and Zwilch, but contained Zw10. In support of these findings in live worms, beautiful biochemical assays by Pereira and Reis et al. [8] Figure 1 . Model for kinetochore expansion mediated by the RZZ complex.
(A) Cartoon model of the RZZ complex (dimer). The Rod b-propeller domain, Mps1 target sites in Rod, and two key residues in Zwilch, depicted in the bottom inset, are essential for kinetochore expansion. (B) The RZZ complex binds inner kinetochore proteins in a Cdk1-dependent manner, via the KMN network of proteins, including Knl1 and Zwint1 (and/or other unknown proteins), and recruits Spindly. The RZZ complex also serves as an additional platform for Mad1 and Mad2 assembly in addition to its role in kinetochore expansion. (C) The RZZ complex and Spindly appear to be the key component of the fibrous corona structure, which is clearly visible in electron microscopy studies of unattached kinetochores. The kinetochore expansion driven by these complexes is likely to have a critical role in the amplification of the spindle assembly checkpoint (SAC) signal and the fidelity of chromosome segregation. The fibrous corona compartment, including the RZZ-Spindly complex, Mad1-Mad2, and CENP-E can be dissociated from the core kinetochore (centromere) by acute Cdk1 inhibition. Sacristan et al. [14] detected CENP-F within the detached compartment, while Pereira and Reis et al. [8] did not; the reason for this discrepancy is not clear at this point.
(500 mM NaCl), indicating that oligomerization of mutant Rod and Zw10 depends on electrostatic interactions.
These results indicate that a nematode Rod-Zw10 complex alone is capable of oligomerizing to produce filament-like structures both in vitro and in cells. Unlike artificial non-kinetochore-bound filamentlike structures induced by the nematode Rod mutant or the amino-terminally truncated Spindly mutant in human cells, the expansion of unattached kinetochores appears to be a more regulated process with respect to its size and the sequence of progression, the mechanism for which is largely unknown. Interestingly, in human cells, Pereira and Reis et al. [8] and Sacristan et al. [14] found that the outermost region of the kinetochore, which includes the RZZ complex, Spindly, dynein-dynactin, CENP-E and Mad1-Mad2, could be detached from the core kinetochore when cells were treated with an inhibitor of cyclin-dependent kinase 1 (Cdk1). Acute Cdk1 inhibition might cut the anchoring between the core kinetochore and the fibrous corona region. The detached compartment stably maintained its components, indicating that the RZZ's mesh-like structure provides an independent receptor for Mad1-Mad2, in addition to the known receptor Knl1-Bub1. In support of this, Rodriguez-Rodriguez et al. [9] showed that cells lacking Rod can recruit Mad1 to unattached kinetochores. These results indicate that the RZZ complex has critical roles not only in driving kinetochore expansion and creating the fibrous corona, but also in retention of SAC signals at unattached kinetochores. Knl1 is a candidate anchor protein for the RZZ complex via Zwint1 or Bub1 [18, 19] . The non-kinetochore-bound filament induced by the nematode Rod mutant that lacks the b-propeller domain contained Knl1 and Bub1, as well as detectable amounts of Ndc80, CENP-C and a component of Mis12 complex, indicating that this nematode Rod mutant is capable of associating with Knl1-Bub1. However, deletion of Knl1 induces a loss of around 90% of Zwilch at kinetochores in nocodazole-treated HeLa cells, but only a reduction of around 25% in nocodazole-treated RPE1 cells [20] . In support of this, Rodriguez-Rodriguez et al. [9] found that Bub1-deficient RPE cells treated with nocodazole formed kinetochore crescents containing Rod. These results indicate that the contribution of Knl1-Bub1 in the recruitment of RZZ to kinetochores largely depends on the cell type, and further that there is an additional linkage between the core kinetochore and the RZZ-dependent corona, apart from the association between the core kinetochore and Knl1-Bub1 and/or Knl1-Zwint1.
Regardless of how the RZZ complex is anchored to the core kinetochore, these new studies [8, 9, 14] have revealed that this complex has central roles in creating a mesh-like fibrous corona structure at the outermost region of kinetochores, and that the oligomerization ability of RZZ complex by itself or in coordination with Spindly promotes the expansion of these mesh-like structures at unattached kinetochores.
